The electronic properties of a point vacancy in the two-dimensional graphite crystal are investigated within the Small-periodic-cluster approach using a self-consistent all-valence-electron LCAO (linear combination of atomic orbitals) scheme previously employed for the calculations of the band structure and optical spectra of the regular lattice (part I). Eight 
I. INTRODUCTION The understanding of the electronic properties of point defects in graphite is of substantial practical and theoretical interest. From a practical point of view, the investigation of the elementary defects (vacancy, Frenkel pair) in graphite seems to furnish an essential initial step towards the understanding of the macroscopic phenomena associated with radiation damage in nuclear graphite (e.g. , mechanical deformation of the lattice, ' ' release of stored energy, 4 changes in conductivity, ' ' etc. ) . Theoretically, the study of deep de- fect levels in covalent solids may be conveniently performed by reference to graphite. The theoretical framework underlying the calculations for defects and for the regular lattice, can be checked by comparison with the large amount of experimental information (noted in the introduction to paper I) pertaining to both situations. Of particular value would be to utilize the data on the extended crystal properties characterizing the regular lattice and on localized properties associated with deep defect, so as to correlate the eigenvalue spectrum and the charge densities of both systems. Thus, in the present paper we extend our study on the regular lattice (previous paper) to the investigation of point defects in graphite. Using the calculated defect molecule energy. "'" Truncated-crystal models are-not amenable to a direct self-consistent treatment since, owing to the surface effects involved, the iteration cycle would converge to the limit representing the bare cluster and not the defect in the infinite crystal.
Simplified molecular models based on the linearization of the I CAO variational equations for the defect were able to achieve charge self-consistency;" however, its sensitivity to the rather drastic approximations involved is not yet clear.
It should be mentioned that the introduction of charge self-consistency in the calculation necessitates the consideration of all the occupied levels in the solid and one cannot restrict the treatment to the defect levels alone or to assume a v-m separation, etc. , since the charge density needed for the readjustment of the crystal potential is determined by all states below the Fermi level. This observation excludes the use of simplified models using only a limited subset of the crystals eigenfunctions (e.g. ,~-orbital methods) for treating self-consistently defect problems.
(iii) Lattice relaxations around the vacant site were shown to induce large changes in the electr onic properties of deep def ect levels. " " Fig. l (a) . As the size of the large unit cell increases, more states are sampled by the. l point in the small BZ (see Table I to the small BZ using his Gk and 3k sets, respectively. The self-consistency criterion is set at 1x10 ' e for the charge-density elements and 10 ' eV for the one-electron energies. The Figure 2 shows, as a function of cluster size the convergence of the energetic position of the center of the defect band with respect to the valence-band edge, the width of the defect band, and its degree of spatial localization. The last quantity is defined as the percent of electronic charge in the defect band alone, residing on the three nearest-neighbor atoms [where the charge definition is that discussed in paper I, Eq. (AB)]. It is observed that the defectdefect interaction is effectively suppressed in the C3$V and C4gV clusters as can be judged from the vanishing dispersion of the defect band, the stabilization of its energetic position and the leveling off its degree of localization. Figure 3 shows the partial density of states of the solid containing an unrelaxed vacancy, as obtained by sampling the six special k points in the C@g V cluste r. The general pattern of the density of states is similar to that obtained for the regular lattice ( Fig. 3 (b}] to the localized e' band.
We briefly summarize now the changes introduced in the calculated electronic structure of the defect system due to maintenance of self-consistency in our calculations. " Figure 4 shows the partial m and g charges (Q, and Q, ) and the net atomic charge (q",) on one of the nearest-neighbor atoms to the defect site as a function of'the selfconsistent iteration cycle number. It is seeri that the substantial charge accumulated on the nearest-neighbor atom in the unitersted results (q"" =0. 85e} is strongly reduced (up The energy required to separate a carbon atom from the cluster and to bring it to infinity in its ground atomic configuration (vacancy self-energy, E") was calculated from E"= E",(N) -[E", (N -1 ) +E", (1 ) Fig. 10 (4) where Q"&f&~, and P, denote sP' hybrids of the three dangling bonds associated with atoms a, 6, and c, respectively (Fig. 8) The parameters characterizing the Q~-mode Jahn-Teller effect can be easily extracted from our numerical calculations (Fig, 11) using the standard form of the Jahn-Teller Hamiltonian. "
From the mean depths of the wells in the bottom parts of Fig, 11(a) we obtain E&T-0.023 eV arising from the linear vibronic coupling, while the difference between the well depths or the comparison with the well depths in Fig. 11(b) This structure corresponds to a -3. In this section we compare our calculated results for the energy of vacancy formation, the basal plan contraction, and the position of defect level, with the available experimental evidence.
Several theoretical and experimental determinations of E"f have been previously attempted. Annealing of vacancy loops has led Baker and Kelly" to deduce a value of E", =-2.4-4.2 eV while Henning" suggested a higher value of 6.6 eV using a vacancy decoration technique after quenching. Kanter" obtained a value of 7.1 eV for the activation energy of self-diffusion F&. Assuming that self-diffusion occurs via a vacancy mechanism and using the energy of vacancy migration E"ofDiens" (3.1 eV) or the corrected value given by Kanter" (4.0 eV) the energy of vacancy formation was estimated as The vacancy-formation energy in graphite was previously calculated" in the defect molecule model. Neglecting small" interlayer binding effects, the unrelaxed vacancy formation energy was given by Coulson et al. " as: E =(3E +DE -E",) -E "-E where E, is the 0-overlap energy involved in breaking a v bond in the valence sP' state, hE, is the loss of r energy upon creation of a vacancy, E", is the electronic relaxation energy, (calculated for the three defect atoms using semiempirical configuration interaction), E~" is the promotion energy from an atomic 'P state to the sP' valence state, and E, is the sublimation energy. Calculating the values of E"~and AE" in a defect molecule model, employing the value of E",given by Goldfarb and Jaffe" or Jordan and I.ongne-Higgins" and using the, experimental values of E"" Coulson (Fig, 12) . (b) Activation energy for vacancy migration in the unrelaxed lattice. The dis--. placed atom moves along the X axis (Fig. 12) . Fig. 13 The variation of some of the high-symmetry oneelectron levels in the crystal upon displacement of the carbon atom in the basal plane, is revealed in Fig. 15 . The direction, of displacement is denoted in the insert to Fig. 14 
